Background: Some retinoid X receptor (RXR) agonists have potential as cancer drugs. Results: Structures of RXR in complex with two different agonists show similar folds. Dynamics analysis reveals unique ligand-induced dynamics in helices 3, 11, and 12. Conclusion: Two networks of interactions that connect RXR agonists to coactivator binding are defined. Significance: Recognition of common conformational changes and distinguishing dynamics of RXR-selective agonists is necessary for advances in drug design.
Retinoid X receptors (RXRs) are obligate partners for several other nuclear receptors, and they play a key role in several signaling processes. Despite being a promiscuous heterodimer partner, this nuclear receptor is a target of therapeutic intervention through activation using selective RXR agonists (rexinoids). Agonist binding to RXR initiates a large conformational change in the receptor that allows for coactivator recruitment to its surface and enhanced transcription. Here we reveal the structural and dynamical changes produced when a coactivator peptide binds to the human RXR␣ ligand binding domain containing two clinically relevant rexinoids, Targretin and 9-cis-UAB30. Our results show that the structural changes are very similar for each rexinoid and similar to those for the pan-agonist 9-cisretinoic acid. The four structural changes involve key residues on helix 3, helix 4, and helix 11 that move from a solvent-exposed environment to one that interacts extensively with helix 12. Hydrogen-deuterium exchange mass spectrometry reveals that the dynamics of helices 3, 11, and 12 are significantly decreased when the two rexinoids are bound to the receptor. When the pan-agonist 9-cis-retinoic acid is bound to the receptor, only the dynamics of helices 3 and 11 are reduced. The four structural changes are conserved in all x-ray structures of the RXR ligand-binding domain in the presence of agonist and coactivator peptide. They serve as hallmarks for how RXR changes conformation and dynamics in the presence of agonist and coactivator to initiate signaling.
Nuclear receptor (NR) 3 proteins are ligand-inducible transcription factors that up-regulate target genes. Ligand binding causes a major structural rearrangement of the ligand-binding domain (LBD) that exposes/buries key residues on the LBD surface for coactivator binding. Many coactivator proteins contain amphipathic helices with an LXXLL motif that bind the LBD to enhance gene expression. Corepressor proteins compete for this binding site and down-regulate target gene expression. Thus, NR signaling depends on two factors: the presence/ absence on the NR agonist and the abundance of coactivators relative to corepressors. Understanding how NR agonists induce conformational changes to generate a surface on the LBD to recruit coactivator proteins and activate transcription is a central question remaining in NR signaling.
Vitamin A acids (retinoids) bind and activate two classes of NR proteins: the retinoic acid receptors (RARs) and retinoid X receptors (RXRs). When RXR was discovered, it was designated an orphan NR because its endogenous ligand was not identified (1) . In 1992, 9cRA ( Fig. 1 ) was proposed to be the high affinity ligand for RXR (2, 3) . 9cRA bound to RXRs in the nanomolar range (K d ϳ10 nM) and activated gene expression 40 times more potently than all-trans-retinoic acid, the high affinity ligand for RAR (2) . 9cRA also binds/activates RAR, making it a pan-agonist for both RAR and RXR signaling pathways (4, 5) . Moras and co-workers (6) solved the x-ray structure of 9cRA bound to hRXR␣-LBD. When compared with their structure of apo-hRXR␣-LBD homodimer (7) , they reported that Helix 12 (H12) and other residues at the carboxyl end of the LBD significantly changed confirmation moving from an extended position into the folded active conformation when agonist was bound (mouse trap model). However, HDX MS and NMR analyses of the agonist-bound RXR␣-LBD without coactivator peptides firmly demonstrate that H12 remains dynamic rather than static as predicted in the mousetrap model (8 -10) . It has been demonstrated that HDX MS provides a better method for comparing how agonists that bind the same ligand binding pocket (LBP) in an NR produce changes in protein dynamics for proteins that undergo small conformational changes (8, 11) .
Recently, we solved the x-ray crystal structure of hRXR␣-LBD bound to 9cRA with a coactivator peptide, glucocorticoid receptor-interacting protein-1 (GRIP-1). These studies revealed the structural and dynamical rearrangements of H12 and other residues associated with coactivator binding to the holo-RXR␣-LBD (12) . In this structure, we observed four tertiary structural changes that connected the retinoid in the LBP to H12 residues. In each of these changes, residues moved from a solvent-exposed environment to one that interacts with residues on H12. Our HDX MS results revealed reduced dynamics in the protein backbone, which correlated with each of the four tertiary structural changes in the LBD. In fact, the changes in the crystal structures induced by coactivator binding were subtle compared with the significant reduction in dynamics of the peptides associated with these residues, which reside one layer away from the coactivator binding site and point toward the LBP of RXR. These studies provide a hypothesis for how 9cRA remolds the surface of the LBD to create a hydrophobic cleft to promote coactivator binding.
Based on these results, we were interested to explore if the structural and dynamical changes identified for coactivator binding to hRXR␣-LBD containing the pan-agonist 9cRA are also present for hRXR␣-LBD containing selective RXR agonists. There are numerous examples of RXR agonists that selectively enhance signaling through RXRs independent of RAR signaling. Targretin was discovered by the Dawson and Pfahl groups (SR-11247) as a potent rexinoid (13) , and this rexinoid was translated to the clinic by Ligand Pharmaceuticals (14) . Targretin shares little structural similarity with 9cRA ( Fig. 1 ), but it does preserve the overall shape and polarity of 9cRA. Numerous studies have shown that Targretin is as effective as 9cRA in cancer prevention and therapy models (15) (16) (17) (18) . Human clinical trials revealed that Targretin was better tolerated than 9cRA and did not produce many of the classic retinoic acid-associated toxicities (except for hyperlipidemia) (19, 20) .
To achieve even higher RXR selectivity, many groups, including our own, have designed tissue-selective rexinoids that can be administered for cancer prevention without exhibiting dose-limiting lipid toxicities. 9cUAB30 uses a tetralone ring to replace the trimethylcyclohexenyl ring of 9cRA ( Fig. 1 ). Although 9cUAB30 is slightly less potent than Targretin or 9cRA, it displays a higher degree of RXR selectivity. 9cUAB30 has also been shown to be effective in cancer prevention models (21) (22) (23) (24) (25) . 9cUAB30 is a tissue-selective RXR agonist; it does not act as an agonist in liver to activate lipid biosynthesis although it has agonist capabilities in cancer cells (26) . A Phase I human clinical trial has shown that 9cUAB30 is well tolerated in human volunteers without lipid toxicity (27) .
In this study, we compare the structural and dynamical changes in hRXR␣-LBD homodimers due to binding of the coactivator peptide GRIP-1 when either Targretin or 9cUAB30 is present. We were particularly interested in observing if coactivator binding induces similar structural and dynamical changes in the hRXR␣-LBD homodimers bound to a rexinoid as we observed for homodimers bound with the pan-agonist 9cRA. Is there a common set of structural and dynamical changes characteristic of potent RXR agonists, and which changes (if any) are dependent on the type of rexinoid present in the LBD (rexinoid-specific changes)?
EXPERIMENTAL PROCEDURES
Materials-9cUAB30 was synthesized at the University of Alabama at Birmingham according to previous methods (21, 24) . Targretin was provided by Dr. Clinton Grubbs at UAB. A 13-mer peptide derived from residues 686 -698 of GRIP-1 was synthesized by AnaSpec Inc. (KHKILHRLLQDSS) with a molecular mass of 1575.9 Da. The structures and purity of the rexinoids and peptide were confirmed by NMR and LC-MS. The concentration of peptide was determined by 1 H NMR added to a known concentration of tryptophan as reported previously (12) .
Oncogenic Transformation Assay-The oncogenic transformation was performed as described previously by Jiang et al. (28) . Cells infected with KLF4-ER were given DMEM supplemented with 4-hydroxytamoxifen (0.3 M; Calbiochem) and 9cRA, 9cUAB30, Targretin, or vehicle (DMSO) every other day performed in duplicate for each concentration. Three weeks postinfection, transformed foci were fixed, stained, and counted and compared against the DMSO control.
Protein Expression and Purification-The protein expression and purification of hRXR␣-LBD (Thr 223 -Thr 462 ) was accomplished according to Egea and Moras (29) and Xia et al. (12) . Briefly, the His 6 -tagged hRXR␣-LBD fusion protein was expressed in BL21-(DE3) Escherichia coli bacteria (Invitrogen), which was grown in Luria broth (LB) medium at 20°C. Protein expression was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside. Cells were lysed using a French press (1500 p.s.i.) and then centrifuged at 25,000 rpm for 30 min. The His 6 -tagged hRXR␣-LBD was eluted from a nickel-chelating column (GE Healthcare) using a 20 mM Tris (pH 8.0) buffer containing 300 mM imidazole and 500 mM NaCl. The eluted hRXR␣-LBD fractions were dialyzed in a 10 mM Tris buffer (pH 8) containing 50 mM NaCl, 0.5 mM EDTA, and 2 mM DTT. The His 6 tag was hydrolyzed using ␣-thrombin (Novagen, Madison, WI) at 4°C. The hRXR␣-LBD homodimers were separated at 4°C from tetramers using a HiLoad Superdex 75 gel filtration column (GE Healthcare) with a 1.0 ml/min flow rate. SDS-PAGE and MALDI mass spectrometry were used to establish a purity of Ͼ97% and mass of the monomers (m/z ϭ 26,433.1 Da). Native PAGE confirmed that the isolated fractions were hRXR␣-LBD homodimers.
Crystallization of hRXR␣-LBD Homodimers Bound to 9cUAB30/ Targretin and to GRIP-1-Manipulation of 9cUAB30 and Targretin was performed under dimmed red light due to light sensitivity of the compounds. Crystallization of hRXR␣-LBD⅐9cUAB30⅐GRIP-1 and hRXR␣-LBD⅐9cRA⅐GRIP-1 homodimer complexes was similar to the method described previously (12) and those reported by Moras and co-workers (30) . The crystals of hRXR␣-LBD homodimers with 9cUAB30 were obtained in a reservoir solution containing 5-10% PEG 4000, 2-5% glycerol, 0.1 M BisTris at pH 7.0. The crystals of the hRXR␣-LBD containing Targretin and GRIP-1 formed more slowly than those for 9cUAB30. An additional microseeding step was applied by transferring tiny crystals of the complex into a new crystallization reservoir. X-ray quality crystals of the hRXR␣-LBD⅐Targretin⅐GRIP-1 complex were obtained at 5-15% PEG 4000, 6 -12% glycerol, 0.1 M BisTris at pH 7.0. Both crystals had a P4 (3) 2 (1) 2 space group, which was the same as the crystals of the hRXR␣-LBD complex with 9cRA and GRIP-1 reported in our previous paper (12) .
Data Collection, Structure Determination, and Refinement-Diffraction data of these two crystals were collected using the Rigaku R-AXIS IVϩ at the Center for Biophysical Sciences and Engineering at the University of Alabama at Birmingham or an R-AXIS IVϩϩ at BioCryst. Inc. Data collection, structure determination, and refinement strategy were described in detail previously (12) . A summary of the diffraction data and crystal structure refinement statistics is given in Table 1 . The contacts between hRXR␣-LBD and rexinoid (either 9cUAB30 or Targretin) were determined by ligand-protein contacts (31) . Contacts between GRIP-1 and hRXR␣-LBD were determined by contacts of structural units (31) . VOIDOO (32) and MAPMAN (33) programs were used for determining the LBP.
Isothermal Titration Calorimetry of GRIP-1 Binding to
Holo-hRXR␣-LBD-A VP-Isothermal titration calorimeter (Microcal, Piscataway, NJ) was used to measure binding of the GRIP-1 coactivator peptide to holo-hRXR␣-LBD homodimers as described previously (12) . Each titration experiment consisted of 30 injections of 8 l of GRIP-1 peptide (0.04 -0.12 mM) into the sample cell containing 1.34 ml of hRXR␣-LBD homodimers (0.05 mM) in 10 mM Tris buffer (pH 8.0) containing 50 mM NaCl, 0.5 mM EDTA, and 2 mM DTT. 9cUAB30 and Targretin were dissolved in DMSO and added at a ratio of 2:1 (retinoid/protein). Both retinoid solution and hRXR␣-LBD solution were degassed at least 15 min before the retinoids were added to the protein solution. The isothermal calorimetry (ITC) data were processed using the ORIGIN 7 software. The titration curves were fit to a single site binding model by a nonlinear least squares method. The ITC experiments were performed at 20, 25, and 30°C, and the heat capacity change was found by linear regression of the corrected enthalpies versus temperature.
Automated Hydrogen Deuterium Exchange Experiments-Solution phase H/D exchange experiments were performed using an automated LEAP Technologies Twin PAL HTS autosampler (LEAP Technologies, Carrboro, NC) (8) . In short, 40 pmol of hRXR-LBD homodimer in the presence of 10 times the concentration of ligand or vehicle (DMSO) and GRIP-1 coactivator peptide (Ͼ95% saturation) were dispensed into a mixing tray and diluted with 16 l of deuterated buffer or protonated buffer for control experiments. Following on-exchange periods (4°C), the entire sample was picked up and dispensed into 30 l of quench buffer (3 M urea, 1% TFA, 50 mM TCEP, 1°C). Samples were taken at 10, 30, 60, 300, 900, and 3600 s and performed in triplicate. Samples were digested for 2.5 min on an in-house prepared pepsin column (1°C). Sample loading, digestion, and desalting were driven with an isocratic HPLC pump at 200 l min Ϫ1 . Peptic peptides were then loaded onto a desalting C8 phase trap column (3.5 M; Agilent), followed by the analytical column (50 mM ϫ 2.1, 5 M; Thermo Scientific). Eluent was injected into the instruments at 50 l min Ϫ1 , and spectra were acquired over the scan range of 200 -2000 m/z. Each spectrum was the sum of two microscans. HDX MS raw files were processed and visualized by use of the HD Desktop software (34) . Differential HDX perturbation values were calculated by taking the averaged differences in deuterium incorporation for five on-exchange time points from the deuterium incorporation of the reference, apo-hRXR␣-LBD⅐GRIP-1. HDX perturbations greater than Ϯ5% were considered significant as described previously (8, 12) . For identification of discriminatory dynamics of individual HDX MS peptides between the three agonists, changes in the measured percentage of deuterium incorporation (%D) relative to the apo control were compared at the 30 s or 30 min time points. Statistically significant differences were determined by use of a two-tailed t test as described previously (11) . Peptide Sequencing-Proteolytic digestion prior to mass spectromic analysis allowed regional monitoring of deuterium incorporation. Identification of hRXR␣-LBD peptides was achieved by use of positive ion electrospray ionization LC tandem mass spectrometry (MS/MS) on a hybrid linear quadrupole ion trap 7 Tesla Fourier transform ion cyclotron resonance mass spectrometer (Thermo Fisher Scientific). Pilot experi-ments optimized protein digestion conditions, and peptides were identified by data-dependent tandem LC MS/MS as described previously (35) .
RESULTS
In Vitro Analysis of RXR␣ Agonist Anticancer Properties-Previous reports have shown that 9cRA, Targretin, and 9cUAB30 are potent agonists of RXR␣ transcription (2, 14, 21) .
Here we compared each RXR agonist for its capacity to inhibit oncogenic transformation of rat kidney epithelial (RK3E) cells. In this assay, oncogenic transformed RK3E epithelial cells form dense foci surrounded by contact-inhibited parental cells in the absence of retinoid (28, 36 -42) . For this study, the RK3E cells were transduced with retrovirus encoding a conditional, 4-hydroxytamoxifen-inducible Krüppel-like factor 4 (KLF4) allele (KLF4-ER) (43), ErbB2, or empty vector as the control. When the cells were dosed with three different concentrations of retinoid every other day for 3 weeks, formation of foci was significantly decreased in either ErbB2-or KLF4-ER-infected RK3E cells relative to DMSO controls in a dose-dependent manner ( Fig. 1 ). Targretin was more effective than 9cUAB30 at the highest dose (75% versus 59%), which correlated with its potency as an RXR agonist. The pan-agonist 9cRA was the most effective retinoid tested (95%), but this pan-agonist can inhibit oncogenesis by activating both RAR and RXR signaling pathways. Binding Affinity of GRIP-1 with hRXR␣-LBD Containing 9cUAB30 or Targretin-ITC was used to measure the thermodynamics of GRIP-1 binding to hRXR␣-LBD containing either 9cUAB30 or Targretin at 20, 25, and 30°C ( Table 2) . As observed for 9cRA complexes in our previous analysis (12) , the binding stoichiometry was nearly 1:1 (coactivator peptide/LBD monomer unit). The free energy of GRIP-1 binding to the hRXR␣-LBD complexes containing rexinoid was driven strongly by a large negative enthalpy change, and it is opposed by entropy although the coactivator peptide contains the LXXLL motif ( Table 2 ). The magnitude of this thermodynamic signature was very similar for homodimers containing rexinoid (9cUAB30 or Targretin) or pan-agonist (9cRA) in its LBP (Table 2) (12). Using the temperature dependence of the enthalpy change for binding, the heat capacity changes for GRIP-1 binding to the hRXR␣-LBD homodimers containing rexinoid were determined. The heat capacity changes were very similar for Targretin and 9cRA complexes (Ϫ401 Ϯ 18 cal mol Ϫ1 K Ϫ1 and Ϫ413 Ϯ 25 cal mol Ϫ1 K Ϫ1 ), and it was slightly smaller for 9cUAB30 complex (Ϫ356 Ϯ 29 cal mol Ϫ1 K Ϫ1 ).
Comparisons of the X-ray Crystal Structures of hRXR␣-LBD Homodimers Bound to RXR Agonists and GRIP-1-To explore the structures of this NR with different rexinoids and a coactivator peptide, we crystallized hRXR␣-LBD homodimers bound with the GRIP-1 coactivator peptide and either 9cUAB30 or Targretin. Both crystal structures belonged to the P4 (3) 2 (1) 2 space group, and each asymmetric unit contained two monomers with GRIP-1 bound to each monomer. The structures were determined to 2.0 Å resolution for the hRXR␣-LBD⅐9cUAB30⅐GRIP-1 (4K4J) complex and 2.25 Å resolution for the hRXR␣-LBD⅐Targretin⅐GRIP-1 complex (4K6I) by use of the molecular replacement method (Table 1) . Each structure had identical two-dimensional topology ( Fig. 2A) . This LBD formed a threelayer helical sandwich with H1 and H3 on one side and H6, H7, H10, H11, and H12 on the other (Fig. 2) . The x-ray structures of hRXR␣-LBD bound with either Targretin or 9cUAB30 and GRIP-1 were overlaid onto the structure of hRXR␣-LBD⅐9cRA⅐GRIP-1 (12) . The overlay showed that the hRXR␣-LBD backbone atoms of these three crystal structures were very similar (Fig. 2B ). The root mean square deviation was 0.137 Å for the 229 backbone residues of hRXR␣-LBD⅐9cUAB30 (4K4J versus 3OAP), and it was 0.210 Å for hRXR␣-LBD⅐Targretin (4K6I versus 3OAP).
GRIP-1⅐Holo-hRXR␣⅐LBD Contacts-GRIP-1 coactivator peptide contains 13 residues ( 686 KHKILHRLLQDSS 698 ), including one LXXLL motif. In both structures, GRIP-1 adopted a two-turn amphipathic helix (Fig. 3A) and was positioned in the coactivator binding site of hRXR␣-LBD formed by H3, H4, and H12 (12, 30) . The helical conformation of GRIP-1 and the interactions of the coactivator peptide with hRXR␣-LBD were nearly identical in these two structures (Fig. 3B) . The hydrophobic surface of the amphipathic peptide (Ile 689 , Leu 690 , Leu 693 , and Leu 694 ) interacted with a hydrophobic binding pocket on the surface of the LBD (Fig. 3B ). There were subtle differences in the manner in which GRIP-1 interacted with the surface of the hRXR␣-LBD (Fig. 3B) . When Targretin occupied the LBP, the hydrophobic contact between Ile 689 of GRIP-1 and Thr 449 (H12) of hRXR␣-LBD was smaller (4.8 and 17.5 Å 2 ) compared with the same Structural Changes Induced by GRIP-1 Binding-The structural changes induced by GRIP-1 binding to hRXR␣-LBD when either Targretin or 9cUAB30 was bound to the LBD were compared with those of hRXR␣-LBD⅐9cRA (Protein Data Bank code 1FBY) and to hRXR␣-LBD⅐9cRA⅐GRIP-1 (3OAP). In the two crystal structures containing rexinoid and GRIP-1, Phe 277 formed a -hydrogen bond with Phe 450 (Fig. 4A ). This interaction was found in 3OAP but absent in 1FBY. Phe 277 (H3) and Phe 450 (H12) also interacted with two hydrophobic residues of GRIP-1 (Ile 689 and Leu 693 ). The carboxylate group of Asp 273 (H3) formed hydrogen bonds to the backbone amide nitrogens of Phe 450 and Thr 449 , which are both on H12 (Fig. 4A ). H3 contains three nonpolar residues (Ile 268 , Ala 271 , and Ala 272 ), which form the LBP and are on the opposite side of the H3 from Asp 273 (Fig. 4A ). These interactions are displayed by blue dashed lines in Fig. 4A . These interactions provide a molecular bridge between the coactivator peptide binding sites and carboxylate end of the retinoid.
A second molecular bridge was identified that connects the coactivator peptide to the nonpolar retinoid rings. At the surface of NR, two glutamates on H12 (Glu 453 /Glu 456 ), which were solvent-exposed in 1FYB, interacted with GRIP-1. Glu 453 (H12) formed ionic interactions with the amides on the N terminus of GRIP-1 and is part of the charge clamp (44) (Figs. 3B and 4B) . 
. Networks of interacting residues between the GRIP-1 (red) and H3, H11, and H12 of the holo-hRXR␣-LBD containing 9cRA (green), 9cUAB30 (yellow), and Targretin (magenta). Blue dashed lines link interacting residues.
A, network between retinoid ring, H3 residues, H12 residues, and GRIP-1. B, network between retinoid ring, H11 residues, H12 residues, and GRIP-1.
Glu 456 (H12) also contributed to this charge clamp by interacting with the side chain of His 687 on GRIP-1 (Fig. 4B) . The guanidinium group of the highly conserved Arg 302 on H4 (45) formed strong hydrogen bonds with the backbone amides of Glu 453 and Glu 456 (ϳ3.2 Å). These interactions were identical to what was found previously (12) . GRIP-1 binding reoriented Phe 437 (H11) inward so that it was now capable of interacting with Leu 455 of H12 (Glu 453 and Glu 456 are on the opposite face of H12 from Leu 455 ). Phe 437 (H11) changed conformations and pointed toward H12 so that the phenyl side chain is within van der Waals contact with the iso-butyl group of Leu 455 (H12). Leu 455 (H12) is one of four leucine residues (with Leu 451 (H12), Leu 436 (H11), and Leu 433 (H11)) that form a hydrophobic core between H11 and H12. A leucine hydrophobic core is one layer deeper from the surface of coactivator binding (Fig. 4B ). Phe 439 , Leu 436 , and Leu 451 make direct contacts to the retinoid rings of 9cRA, Targretin, and 9cUAB30.
Differences in the Ligand-Protein Contacts of Targretin/ 9cUAB30/9cRA Bound to hRXR␣-LBD-We next examined the conformation of the retinoids in the LBP. Electron density maps clearly showed the presence of 9cUAB30 and Targretin in the LBP of hRXR␣-LBD. Both retinoids adopted nonplanar, L-shaped conformations that fit well into the LBP (Fig. 5A ). For 9cUAB30, the C8 -C9 bond (C7-C8-C9-C10 torsional angle 121°) was twisted in a right-handed screw sense (Fig. 5C ). For Targretin, the twist occurred about the C3-C11 bond (C2-C3-C11-C12 torsional angle Ϫ85°). In contrast, 9cRA twisted about the C6 -C7 bond linking the polyene chain to the trimethylcylcohexenyl ring (C5-C6-C7-C8 torsional angle Ϫ14°). In each case, the twisted conformation of the retinoid relieved steric repulsion between methyl groups. Each of three achiral retinoids adopted a right-handed screw sense in the LBP when viewed from the retinoid ring toward the carboxylate group down the long axis of the rexinoid.
The LBP of hRXR␣-LBD is formed by residues contributed from H1, H3, H5, H7, H9, H11, H12, and the short two-turn ␤-sheet (6) . The LBP is comprised of mainly hydrophobic residues and a few hydrophilic ones centered on the two-turn ␤-sheet and H5. The LBP of hRXR␣-LBD bound to 9cRA and coactivator peptide GRIP-1 was formed by 34 residues, and its volume was 493 Å 3 (12) . 9cRA (300 Da) occupied 371 Å 3 of the pocket volume (75% occupancy). In the structures reported here for the two rexinoids bound to hRXR␣ homodimers and GRIP-1, the LBPs were both slightly smaller (442 Å 3 for 9cUAB30; 456 Å 3 for Targretin) than that found for 9cRA. Thus, Targretin and 9cUAB30 filled this volume more than 9cRA (84% occupancy for Targretin; 78% occupancy for 9cUAB30).
In the 9cRA or rexinoid structures, the LBPs were formed by the same 24 residues (Fig. 5, compare B, C, and D) . The elongated pockets (ϳ16.8 Å) were lined with the 16 hydrophobic residues. Four H3 residues (Ile 268 , Cys 269 , Ala 271 , and Ala 272 ) and four H7 residues (Val 342 , Ile 345 , Phe 346 , and Val 349 ) formed the lower part of the LBP (Fig. 4B ). Four H5 residues (Trp 305 , Asn 306 , Leu 309 , and Phe 313 ) and four H11 residues (Cys 432 , His 435 , Leu 436 , Phe 439 ) formed the other side of the pocket. The total contact surface area of the ligand-protein contacts between this portion of 9cUAB30 and H3 and H5 residues was very similar. Although 9cUAB30 contains a structurally different ring from 9cRA, the total surface area of the contacts was similar (12) . The overlaid conformations of space-filled renderings of these two agonists were very similar (Fig. 5B) .
The structure of Targretin in the LBP was more highly twisted than either 9cRA or 9cUAB30. When a space-filled overlay was made, C27 of Targretin occupied space in the LBP that 9cUAB30 or 9cRA did not (Fig. 5, C and D) . The C24, C26, and C27 methyl groups of Targretin interacted more strongly with residues on H3 and H7 than 9cRA or 9cUAB30. The total surface area for the contacts between the ring carbons on Targretin and H3 and H7 residues increased by about 30 and 20 Å 2 , respectively, over those found for the other two agonists. In contrast to H3 and H7, the interactions between Targretin and the residues on H11 decreased by 20 Å 2 relative to what was observed in 9cRA. The single structural change in the Targretin LBP versus that of 9cRA occurs at Cys 432 . In the Targretin structure, the thiol group was rotated by about 116°and now points toward the C4 methyl group (4.6 Å away). Changes also occurred closer to the middle of the structure. The methylene C21 of Targretin formed a new contact to Ile 310 on H5 (17 Å 2 ; 4.0 Å), which was a protein residue that does not interact directly to 9cRA or 9cUAB30.
HDX MS Analysis of hRXR␣-LBD Complexes-Several differential HDX MS studies have shown that the dynamics of hRXR␣-LBD change when agonist binds (8, 10, 12, 46) . We also observed that GRIP-1 reduced deuterium incorporation of apo-hRXR␣-LBD in the absence of agonist (12) . Here we performed differential HDX MS analysis using apo-hRXR␣-LBD⅐GRIP-1 as the reference control to address the question of whether rexinoid binding produced distinct hRXR␣-LBD HDX exchange rates in the presence of GRIP-1. Ninety-seven peptides comprising 99% of hRXR␣-LBD (Ͻ2 ppm error) were followed by HDX MS (supplemental Table S1 ). The %D was calculated for each peptide at each time point in triplicate by comparison with a no deuterium control (11) . Overall changes in %D were examined across all time points relative to the apo-hRXR␣-LBD-GRIP-1 reference. Additionally, individual HDX MS peptides were examined at the 30 s and/or 30 min time points to identify statistically significant differences in individual peptide %D between the hRXR␣ agonists.
The addition of rexinoids to the NR LBD complex in the presence of GRIP-1 reduced deuterium incorporation in peptides from H2, H3, ␤-sheet-H6, H7, H11, and H12. For peptides spanning H2, the ␤-sheet-H6, and H7, the change in %D was negative, and the extent of reduction was the same regardless of which rexinoid was bound to the homodimer. For example, the change in %D for the ␤-sheet peptide Leu 326 -Gly 343 was Ϫ8 Ϯ 1% at 30 s regardless of agonist bound to the hRXR␣-LBD (Fig. 6) . Results for all overlapping H2 and H7 peptides followed this same pattern (supplemental Table S1 ). For the majority of LBD HDX MS peptides, Targretin and 9cUAB30 binding mimicked the changes in %D of 9cRA binding in the presence of GRIP-1. The list of all changes in %D is provided in supplemental Table S1 .
For 15 (of 97) peptides, the overall reduction in %D was 10% or more. These HDX MS peptides encompassed three regions within the hRXR␣-LBD and show statistically significant dynamics upon binding of Targretin, 9cUAB30, or the panagonist 9cRA. Four of the peptides included H3 residues, 10 peptides spanned the longer H11 and a C-terminal adjacent loop, and a single peptide included H12 residues. Fig. 6 shows representative %D versus time comparative HDX MS plots from these 15 peptides, including the H3 peptide Ala 271 -Ala 278 , H11 peptide Pro 423 -Phe 438 , and H12 peptide Phe 450 -Met 454 when bound to each ligand. Significantly, the overall reduction in %D was different for each of the agonists in these three areas, with the two rexinoids showing more reduction in %D for H3 (Targretin, Ϫ46%; 9cUAB30, Ϫ50%), H11 (Targretin, Ϫ32%; 9cUAB30, Ϫ28%), and H12 (Targretin, Ϫ11%; 9cUAB30, Ϫ12%) compared with 9cRA (H3, Ϫ26%; H11, Ϫ14%; H12, 1%). The overlapping peptides for H3 and H11 showed the same trend (supplemental Table S1 ). Fig. 6 also includes an H4 peptide as an example of an HDX MS peptide that does not change in %D in the presence of ligand, whether it is the two rexinoids or the pan-agonist 9cRA.
To determine if these comparative HDX MS differences for individual peptides were significant, we examined individual time points for each data set relative to their matched controls of unbound ligand. Chalmers et al. (11) have demonstrated that comparison of statistically significant differences in individual peptides %D at a single time point can be used to delineate between NR agonists based on their %D signatures. Fig. 6B provides this comparison for the four peptides in A. The change in %D for in H3, H11, and H12 when bound to either rexinoid showed statistically significant differences (p Ͻ 0.0001) compared with the same peptides when 9cRA was bound to the hRXR␣-LBD in the presence of GRIP-1. There was no signifi-cant difference in the changes in %D for the H4 peptide between the three ligands as was the case for the majority of the observed HDX MS peptides.
The dynamical changes from all comparative HDX MS peptides with Ͼ5% change in %D were painted onto one monomer of the holo-hRXR␣-LBD structures containing GRIP-1 (Fig. 7) . (GRIP-1 is colored red and viewed along its helical axis in Fig.  7) . The regions of change in %D for the two rexinoids mimic those found with 9cRA in the presence of GRIP-1 (12) . However, H12 is stabilized by coactivator binding to hRXR␣-LBD only when a rexinoid was present. GRIP-1 binding also stabilized H3 and the C terminus of H11. The largest effects were present when Targretin was present in the retinoid binding site. When 9cUAB30 was bound, the stabilization was slightly less than observed for Targretin but significantly larger than that when 9cRA was present.
We and others have shown that an increase in %D was observed for the H12 peptide when the hRXR␣-LBD had bound retinoid but lacked coactivator peptide (10, 12, 47) . This indicated that the dynamics of H12 residues increased for holo-hRXR␣-LBD containing 9cRA over apo-hRXR␣-LBD. Based on these previous results, we evaluated HDX MS of the holo-hRXR␣-LBD complexes with the two rexinoids without coactivator peptide and used apo-hRXR␣-LBD as the reference control. In the absence of GRIP-1, H12 peptides also showed a positive HDX perturbation (ranging from 6 to 13%) when hRXR␣-LBD was bound with rexinoid only. The %D for H3 and H11 peptides was reduced relative to the reference control. H3, H4, H11, and H12 peptic peptides (sequence indicated at the top) . A, %D is plotted versus a log time scale for each peptide. The rexinoids (Targretin and 9cUAB30) show distinct changes in %D compared with the pan-agonist 9cRA in the H3, H11, and H12 regions but not in H4. Shown is HDX MS analysis of hRXR␣-LBD in the presence of retinoid and GRIP-1 (9cRA (green squares), 9cUAB30 (yellow triangles), and Targretin (magenta diamonds)) relative to the controls of the digested LBD without retinoid but with GRIP-1 (blue circles). B, comparison of individual time points (30 or 900 s) for the same four HDX MS peptides shows that the changes in %D for the H3, H11, and H12 peptides when the two rexinoids are bound (9cUAB30 (yellow) and Targretin (magenta)) are statistically significant relative to the same peptide when 9cRA (green) is bound to the hRXR␣-LBD. Error bars, S.D. However, the extent of decrease in %D was dependent on retinoid compared with the analysis for this region when GRIP-1 was present. For example, the H3 Ala 271 -Ala 278 peptide displayed a Ϫ52% perturbation when 9cRA was bound to homodimers and a Ϫ30% perturbation when 9cUAB30 was bound. Likewise, for the H11 peptide Pro 423 -Phe 438 , the greatest HDX perturbations were found when homodimers were bound to Targretin (Ϫ27%) or 9cRA (Ϫ24%), but this reduction was smaller when 9cUAB30 was bound (Ϫ18%). Because H11 contains 21 residues, there were overlapping peptides that spanned smaller sections of this ␣-helix. Based on the peptide analysis of overlapping peptides, we pinpointed the C-terminal end of H11 (Ile 428 -Phe 438 ) as the sequence whose HDX perturbations were dependent on agonist. A complete listing the HDX perturbations of hRXR␣-LBD peptides is provided in supplemental Table S2 .
DISCUSSION
We have demonstrated that 9cUAB30 compared well with Targretin in its capacity to prevent mammary cancer (21) (22) (23) (24) (25) . The in vitro studies presented here also show how similar each rexinoid is in blocking ErbB2-oncogenic transformation, consistent with in vivo studies. At the molecular level, each rexinoid recruits the coactivator peptide GRIP-1 to the surface of its LBD in 1:1 stoichiometry. The thermodynamics for the formation of the coactivator complex with this NR are the same regardless of which rexinoid is bound to the LBD. We investigated the structures and dynamics of GRIP-1 binding to the holo-hRXR␣-LBD complex with the rexinoid Targretin or 9cUAB30. Through our analysis of these two structures and our previously reported 9cRA structure, we identify four structural changes that occur when GRIP-1 binds to the holo-hRXR␣-LBD⅐rexinoid complex that appear to be hallmarks of hRXR␣-LBD agonist plus coactivator active conformations. These changes are as follows: 1) the carboxylate group of Asp 273 (H3) forms a strong interaction with Thr 449 and Phe 450 of H12; 2) the phenyl ring of Phe 277 (H3) forms a -hydrogen bond with Phe 450 (H12); 3) the guanidinium group of Arg 302 (H4) forms ionic interactions with Glu 453 and Glu 456 of H12; and 4) H11 changes its helical axis by 10°, and Phe 437 (H11) moves from a solvent-exposed environment to one that interacts with hydrophobic side chain carbon atoms on Leu 455 on H12. These structural changes are very similar to those identified for this NR bound to 9cRA (18) . Our comparative HDX MS analysis of hRXR␣-LBD dynamics clearly show that these regions experience the greatest change in %D when both ligand and coactivator are bound, as is reflected in Fig. 7 .
Based on these results, we examined if these four structural features were present in other RXR structures contained in the Protein Data Bank. Twenty-six structures of hRXR␣-LBD were found (data not shown). For the 15 structures of hRXR␣-LBD homodimers containing a bound agonist and a coactivator peptide (GRIP-1 or SCR-1), we found each of the four structural features listed above (12, 30, 48 -55) . Two structures were of hRXR␣-LBD homodimers or tetramers with corepressor peptides bound (56) , and the four interactions identified for coactivator binding with agonist were missing. In a similar manner, the crystal structures of apo-hRXR␣-LBD homodimer (7) or apo-hRXR␣-LBD tetramer (57) did not contain these interactions. These structures support the importance of each of these interactions in establishing a linkage between the agonist in the LBP and the coactivator binding site on the surface on the receptor.
The crystallographic structures of the coactivator peptide complex with holo-hRXR␣-LBD (containing rexinoid or panagonist) are very similar. In contrast to these subtle structural changes, we made use of comparative HDX MS to reveal large changes in dynamics between these two structures. Three helices (H3, H11, and H12) in holo-hRXR␣-LBD homodimers were stabilized when GRIP-1 bound to hRXR␣-LBD containing either 9cUAB30 or Targretin. The dynamics of peptides corresponding to essentially all of the H11 residues (spanning Leu 419 -Phe 438 ) were significantly reduced (up to 39%) with GRIP-1 binding ( Fig. 6 and supplemental Table S1 ). H11 tilts by 10°, and Phe 437 at its carboxyl end makes a major conformational change and swings toward the interior of the LBD. As shown in Fig. 4B , Phe 437 is central to a molecular bridge that connects H12 residues (Leu 455 and Glu 456 ) and residue His 687 on the coactivator peptide GRIP-1 in one direction to the rexinoid ring in the other direction.
In light of this extensive change in H11 dynamics, we compared the contacts between the retinoid rings with H11 residues more closely. 9cRA interacts with H11 residues through its gem-dimethyl group on C1 (C16 and C17). We had reported that these interactions become more enhanced when coactivator peptide is present because the 9cRA ring rotates toward H11 on the GRIP-1-bound structure (18) . ( We previously reported that the trimethylcyclohexenyl ring inverts conformation, but we were in error.) Leu 436 , Phe 439 , His 435 , and Cys 432 make favorable van der Waals contacts with the gem-dimethyl groups of 9cRA (C16 and C17) ( Fig. 5A ). For 9cUAB30, the tetralone ring does not contain methyl substituents, but the six-member cyclohexenyl ring (C5, C6, C7, C2Ј, C1Ј, and C18 with an exocyclic double bond) interacts well with many H11 residues. In particular, the methylene groups of this ring (C2Ј, C1Ј, and C18) make substantial contact with the four H11 residues in the LBP (Fig. 5C ; C2Ј forms van der Waals contact with Leu 436 , C1Ј makes contact with Cys 432 , and C18 interacts with Phe 439 ). For Targretin, the three methyl groups (C23, C24, and C25) contact H11 residues, but there is little contact from other carbon atoms in this ring. Targretin is more twisted in the LBP than the other two retinoids, and contact to H11 occurs only through these methyl groups (Fig. 5, B-D) .
In addition to differences in H11 dynamics, we observed changes in dynamics for peptides containing Tyr 249 -Leu 279 residues. These residues are contained in the loop connecting H1 to H3 and the amino end of H3 (Fig. 2) . (H2 is resolved in x-ray structures of apo-hRXR␣-LBD, but it is unresolved in all holostructures.) This region of the LBD includes Asp 273 and Phe 277 (both on H3), which change conformation and establish another molecular bridge connecting the H12 residues and the retinoids. Unlike the bridge for H11 residues, Phe 277 interacts strongly with Phe 450 on H12, which is a key residue for forming the hydrophobic pocket of Ile 689 and Leu 693 in the ILXXLL motif of GRIP-1 (Fig. 4B ). Asp 273 on H3 forms a strong salt bridge with Arg 302 on H4. Whereas H3 residues substantially reduce dynamics upon GRIP-1 binding, the dynamics of H4 residues, including Arg 302 , are already low, and they do not significantly change with GRIP-1 binding (Fig. 6A ). Ile 268 , Cys 269 , Ala 271 , and Ala 272 on H3 are involved in forming the LBP for the rexinoids. Cys 269 interacts very strongly with the C27 methyl group of Targretin, which occupies space that the other agonists do not (see Fig. 5, C and D) . A conformational change occurs at the surface of the LBD receptor for Lys 686 and Ile 689 on GRIP-1 (Fig. 3, B and C) , which may be communicated by this network of interactions.
H12 is necessary for recruitment of coactivator proteins and activation of transcription (58) . Several studies of RXR activation have shown that H12 is not locked in a single active conformation, suggesting that H12 of RXR is only weakly influenced by the presence of the agonist (59, 60) . For example, the structure of RXR␤ bound by RXR-selective agonist LG268 showed that H12 did not adopt the active conformation when crystallized without coactivator (61) . This is supported in our HDX MS studies of hRXR␣-LBD dynamics. H12 stabilized only when GRIP-1 and rexinoids (Targretin or 9cUAB30) were present ( Fig. 6 and supplemental Table S2 ). In contrast to the two rexinoids, the HDX MS analysis of the pan-agonist 9cRA binding clearly demonstrated that only GRIP-1 binding stabilizes H12 (12) and that 9cRA does not play a direct role (Fig. 6 ). Thus, our report provides the first evidence that retinoid agonists influence the H12 dynamics of hRXR␣-LBD differently to recruit GRIP-1 coactivator peptide.
RXR tetramers form at physiologically relevant concentrations, and they are a transcriptionally silent form of the receptor (62) . Tetramers dissociate into dimers upon ligand binding (63, 64) . An mRXR⌬H12 mutant does not have transcriptional activity, but it displays WT oligomeric activity (tetramer-dimer association), and cancer-relevant genes are up-regulated (65) . Each of the regions of RXR LBD identified by their differential HDX MS profiles here (H3, H11, and H12) are important for RXR tetramer formation. The crystal structure of RXR tetramer demonstrated that the RXR tetrameric structure is stabilized by H11-H11 and H3-H3 interactions as well as interactions between the H12 AF-2 domain of one dimer and the coactivator binding groove of the other dimer (57) . A recent tetramer structure that includes the silencing mediator for retinoid and thyroid hormone receptors (SMRT) and an antagonist, rhein, identified H3 and H11 in the autorepression of RXR (56) . In fact, two key residues (Asp 273 and Phe 437 ), which we propose connect the LBP and the coactivator, were also shown to stabilize the antagonist and corepressor in the tetramer. This would lead us to hypothesize that the structurally different rexinoid agonists may interact with H3 and H11 residues uniquely and destabilize the hRXR␣ tetramer at different rates.
Reduction in H3 and H11 dynamics in this NR is a hallmark of coactivator peptide recruitment by an agonist-bound LBD. HDX MS is often used to screen potential drug libraries and predict potency for NR agonist activity. The capacity for an agonist to stabilize H3 and H11 should be a reflection of its potency, which makes HDX a valuable drug screen. Because the reduced dynamics are dependent on both the presence of agonist and coactivator peptide, the results presented here indicate that drug libraries are best screened when coactivator peptides are included rather than the more common approach, which compares NR dynamics in the presence and absence of only agonist. Importantly, our HDX MS results clearly demonstrate that changes in dynamics upon ligand binding alone are not necessarily indicative of the changes observed when the coactivator is present.
This study integrates structural with dynamical analyses in order to understand the manner by which two RXR-selective agonists, Targretin and 9cUAB30, recruit the coactivator peptide GRIP-1 to the surface of the LBD. Although these two rexinoids have significantly different chemical structures, each fills the LBP of hRXR␣-LBD and allows the LBD to fold to nearly identical tertiary structures in the presence of the GRIP-1 coactivator peptide in the x-ray crystal structures. A review of all x-ray structures with and without coactivator peptides bound to this NR LBD allows us to define four structural changes that form two molecular bridges that connect agonist and coactivator binding sites. These structural changes are hallmarks that define how agonist and coactivator binding stabilize H3, H11, and H12 and initiate transcription.
